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ABSTRACT Creatine metabolism was studied in relation to creatine 
intake and creatinine excretion. Young men were fed 0.23 g creatine/day for 
9 days and then 10 g/day for 10 days consecutively. Thereafter, the diet 
fed was creatine-free. From day 81 through 90, isonitrogenous amounts 
(4 g N/day) f ‘th o el er an equimolar mixture of the creatine precursors 
arginine and glycine or of alanine were added to the diet. As reported in a 
previous paper, creatinine excretion increased during creatine feeding, 
continued to remain elevated immediately afterwards and then decreased 
gradually during the period of feeding the creatine-free diet, whereas two 
subjects not fed creatine showed no significant changes in creatinine output 
throughout the experiment. The present paper describes studies in which 
di-‘“N-creatine was injected into the same subjects on two occasions during 
the creatine-free period, near the beginning of this period and 43 days later. 
By isotope dilution, the creatine pool sizes were calculated and the rate of 
conversion of this pool to creatinine was computed. The pool of body 
creatine diminished during the creatine-free period in parallel with the 
daily output of creatinine, that is, the fractional rate of conversion of cre- 
atine to creatinine was very similar for all subjects (0.0169 * 0.0006 day-l, 
n = 13). In contrast to the marked constancy of the rate of conversion of 
creatine to creatinine, apparent fractional creatine synthesis rates were 
much more variable between subjects (0.011 to 0.016 day-l). Administration 
of the creatine precursors arginine and glycine significantly increased ap- 
parent creatine synthesis, whereas administration of alanine depressed 
synthesis. From these data on di-l”N-creatine metabolism, it can be con- 
cluded that (a) the size of the body pool of creatine can be influenced by 
dietary creatine, (b) administration of precursor amino acids can increase 
the rate of synthesis of creatine, (c) creatinine out 

cf 
ut is a constant fraction 

of the body creatine pool and can change indepen ently of lean body mass. 
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Only a few tracer studies of creatine 
metabolism in humans have been published 
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gators calculated fractional turnover rates 
and/or half-times of creatine in humans 
(3-6). 

All of the reported rates of conversion of 
creatine to creatinine in normal humans are 
of the same order of magnitude, but there 
is almost a two-fold diffcrcnce between the 
extremes of the range, suggesting that the 
rate of conversion of creatine to creatinine 
may not be constant. Borsook and Dubnoff 
(7) found the in vitro rate constants for 
conversion of creatine and creatine pbos- 
phate to creatinine were equivalent to 
0.0106 day-’ and 0.0264 day-l, respectively. 
These values are in the range of the re- 
ported rates of creatinine formation in 
humans, dogs, guinea pigs, pigs, rabbits 
and rats. No conclusive evidence of enzvme 
mediation of these reactions has beenJ re- 
ported (S, 9). Thus, the variation in the 
reported rates of in vivo conversion of cre- 
atine to creatinine may reflect changes in 
the proportion of creatine to creatine phos- 
phate in the body. However, another ex- 
planation of the variations in conversion 
rate is possible. Most investigators have 
assumed that a steady state exists such that 
creatine synthesis is equal to (and in con- 
sequence becomes a measure of) the rate 
of creatinine formation. In fact, creatine 
synthesis rate may be rather variable over 
short periods of time. If this is so, the cal- 
culated rate of conversion of creatine to 
creatinine would also show variability. 

We have previously reported the creatine 
and creatinine excretions of men fed a 
creatine-free diet to which creatine was 
added during the first 19 days of a go-day 
experiment ( 10). The present paper re- 
ports the results of a concurrent study of 
di-lJN-creatine metabolism. Creatine pool 

sizes and the rates of conversion of creatine 
to creatinine were measured. The results of 
the present study indicate that the steady 
state assumption may be invalid for the 
body creatine pool in man, particularly 
when dietary creatine content varies. 

METHODS 
Subiects. A go-day study was conducted 

in the human metabolic unit of the Depart- 
ment of Nutritional Sciences at the Uni- 
versity of California at Berkeley. Most of 
the details of the experiment have been 
described in a nrevious naner I10 1. Eight 

healthy young men, 20-2s years old, par- 
ticipated in the study. Four men (Sl, S2 
S3, S4) completed the entire period of 96 
days; two (S7 and SS) stayed from day 1 
to day 29 only, and two others (S5 and ~6) 
were admitted on clay 33 and stayed to the 
end of the experiment. 

Diet. The basic diet consisted of a cre- 
atine-free formula (containing 75 g pro- 
tein from egg albumen, a variety of carbo- 
hydrates and fats and sufficient quantities 
of macrominerals to provide the recom- 
mended daily allowances ), additional low. 
protein foods to provide an adequate 
energy intake, and vitamin, choline and 
trace mineral supplements in capsule folm, 

The experiment was divided into four 
consecutive metabolic periods (MP) of 9, 
10, 61, and 10 days duration (MP 1, MP 2, 
MP 3 and MP 4, respectively). MP L was 
a standardization and training period dur- 
ing which 0.23 g crttatine was added to the 
noon meal of the daily formula. In MP 2, 
2.5 g of creatine was added to each of the 
four daily meals. In MP 3 and MP 4, the 
diet was free of creatine. The two subjects 
( S5 and S6) admitted late to the experi- 
ment (day 33) were not fed creative. 
Throughout MP 4, all subjects were fed an 
additional 4 g of nitrogen in the form of - 
amino acid supplements. Four men (Sl, S2, 
S3 and S6) received equimolar amounts of 
L-arginine HCl and glycine, precursors in 
the creatine synthetic pathway, and the 
other two men (S4 and S5) received L-ala- 
nine as a nitrogen control. 

Creutine pool size and twnocer detem+ 
nations. At the beginnin 
near the end of MP 3 ( li 

( day 23) and 
ay 65), creatine 

labelled with 1”N was administered to 
each subject for the determination of cre- 
atine pool size by isotope dilution. In ad- 
dition, isotopic creatine was administered 
to S5 shortly after his admission to the 
experiment (day 38). 

Creatine hydrate, 94% lab&cl with 13y 
in both nitrogens of the amidine group, 
was dried to a constant weight in vacua 
over P-O;, at 56”. On the day prior to ad- 
ministration, the dried creatine ( di-“N- 
creatine) was added quantitativeh’ to a 
sterile, pyrogen-free 5% solution of glu- 

4 Pllrcl~nwl from Iholllet Curporatl~\~~. r,,lisndes 

r:>rli S.J. 



CHEATINE POOL SIZE ASD TUKNOVEli 373 

cOSe 5 to make a final known concentration 
of about 1 PI creatine. This solution was 
passed througlf a sterile filter unit contain- 
ing a 0.22 micron filter.” A sample was 
taken for bacterial cultures and the remain- 
ing solution was refrigerated. 

on the day of isotope administration, for 
eacll subject, a measured weight of the 
sterile, 1% creatine solution was trans- 
ferred aseptically to a preweighed one liter 
bottle of sterile, pyrogen-free 5% glucose 
(providing lo-14 mg creatine/kg body 
weight). This dilute creatine solution was 
administered intravenously over an S-hour 
period. The subjects were ambulatory dur- 
ing this interval and consumed meals as 
usual. Treadmill exercise was suspended 
on the day of the infusion. Each creatine 
infusion was followed by the infusion of 
5&100 ml of sterile normal saline, so that 
no labeled creatine remained in the in- 
travenous tubing. The bottles containing 
creatine solution weri: weighed before and 
after the infusions as well as in their clean 
dry state to permit accurate measurement 
of the amount of di-‘“N-creatine admin- 
istered to each subject. 

Urinary creatinine was isolated as the 
ZnCl salt by the picrate precipitation 
method of Benedict ( 11) daily for at least 
two weeks following isotope administration. 
Each creatinine-ZnCl sample was recrystal- 
lized from acetic acid by the method of 
Edgar (12) and reconverted to creatinine 
by Benedict’s ( 11) method of solution in 
warm concentrated ammonia. Some diffi- 
culties were encountered recovering cre- 
atinine from the urine samples in the first 
few days. Subsequently this was corrected 
by first concentrating each sample by ro- 
tary evaporation and then proceeding with 
the isolation procedure. 

The atom percent excess of di-15N-cre- 
atinine in selected samples was measured 
by a computer-assisted high resolution 
mass spectroscopy method 7 ( 13), and by 
gas mass spectroscopy.8 For the latter de- 
termination, 18 selected recrystallized cre- 
atinine-ZnC1 samples were digested in 
KS04 for 24 hours (microkjeldahl pro- 
cedure using selenized granules as the 
catalyst and H-O- for the final oxidation). 
The ammonia was liberated with NaOH, 
distilled into b oric acid and titrated with 
HCl. These solutions were then oxidized 

with hypobromite to release X2 gas for 
analysis of isotope concentration. Eight of 
the 18 samples of isolated creatinine were 
analyzed for creatinine and nitrogen con- 
centration. These samples contained 23.3 
* 0.9% (SD) nitrogen and 64.7 * 2.0% 
creatinine. Creatinine nitrogen thus ac- 
counted for 103 I: 1.6% of the nitrogen 
measured. These results indicate that the 
samples had no significant contamination 
with nitrogen-containing compounds other 
than creatinine. 

Creatine pool size was calculated by iso- 
tope dilution on the basis of the atom per- 
cent excess of the urinary creatinine on the 
third day after injection, to allow time for 
equilibration with the muscle creatine 
pool. Isotope excreted prior to the time of 
the pool-size determination was subtracted 
from the injected dose. Where data for a 
given subject were not complete as to the 
urinary loss of isotope prior to the time of 
calculation of pool size, the average per- 
centage of injected dose excreted by the 
other subjects was assumed (the assumed 
losses are shown in parenthesis in table 1). 
The amount of doubly-labeled creatine ad- 
ministered minus the equivalent isotope 
lost in the urine prior to the pool-size de- 
termination (creatine retained on day 3) 
was divided by the atom percent excess of ’ 
urinary creatinine on that day to estimate 
total body creatine by isotope dilution. 

The second time the subjects were given 
isotope, the value for the residual atom 
percent excess on day 67 due to the pre- 
ceding injection was taken into account by 
using the slope of .the dilution of isotope 
from days 67 to 79 for each subject (shown 
in table 2) and the atom percent excess de- 
termined just prior to the second adminis- 
tration of the isotope i day 63) to predict 
by linear regression the residual isotope 
concentration of the body on day 67. The 
estimated residual isotope concentration on 
day 67 was then subtracted from the ob- 
served atom percent excess in urinary 
creatinine to determine the isotope concen- 
tration due to the second injection. This 
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TABLE 1 
Crmlinc pool size and tttrnooer 

-"I 
CWatine 

POOP 

d,-1% di-‘5N di-‘SN Residuals Corrected6 excretej 

Sub- creatine creatinez crestine’ Atom’ % atom To atom % Creatlui”e* 88 

ject Day1 InJected excreted retsmed excess excess exee~s 
Crpe.gy’ 

ETXW.Y.lO” 
Cre@.ti”ine 

per dav 

0 0 0 

III’ 3, Immediately after creatme feeding 
: 25 

2’: 

0.776 1.093 0.068 
(0.051) 

0.725 1.024 

3 0.868 
4 i: 0.955 (cm&) 

0.808 
0 893 

; 2’5 0.864 0 623 Ez 

% % % 0 

0.634 160.6 
0.56i 127.2 
0.550 146.1 
0.527 168.6 
0.565 142.2 
0.482 120.3 

- 
Old”0 % 

2.29 
1.88 

1.67 

2.09 
1.72 

2.41 
1.96 

::t; 

1.64 
1.59 
1.59 

150.6&18.2’0 2.17~4~0.23 1.68 ~~~0.03 

MP 3, 47 days after creatine feeding 
1 67 0.778 0.029 0 749 0.945 0.378 0.567 131.2 1.97 1.76 

; g 0.646 0.574 0.021 0.023 0.553 0.623 0.829 0.805 0.338 0.310” 0.490 0.495 112.2 125.8 1.65 1.87 1.73 1.72 
4 67 0.690 0.025 0.664 0.787 0.320 0.468 141.5 2.06 1.70 

MP 3, subjects not fed creatine 
5 40 0.930 0.038 
: 67 67 0.704 0.971 (0.024) (0.034) 

127.7zt12.2 1.8910.18 1.73 f0.02 

0.892 0.693 127.9 1.85 I.iO 
0.680 0.936 0.745 1.001 0.475 0.525 124.8 128 7 1.86 1.85 1 1.76 66 

1 Day pool size was calculated (on the third day after injection of di-‘SN-creatine). 2 Atom percent excess multipiled by grama 
creatine (urinary creatnune X 1.159) excreted and summed for the 2 days prior to pool size determmatmn. Numbers in paren- 
theses represent values not directly determined on both daye 1 and 2 which were estimated on the basis of average drectly deter- 
mined values for each time of Injection (4.67 and 1.80% for the first and second dsye of the first inJectIon. respectrvely. n = 3, and 
1.92 and 1.71To for the second inJectlo” respectwely. n = 4). In subJects receivmg a second mJection on day 65 the amount of 
dl-“N-creatmine excreted due to the second mjection has been corrected for dl-‘“N-crestrne still present in the pool from the preGous 
injection (see Methods). a Injected minus excreted equals retained creatine on day of pool we calculstmn. 4 Estimate atom % 
dl-‘IN-creatinine on the day of pool size calculation as measured by hrgh resolution mass spectroscopy (13). J These subjects 
received two injections; the entry III the table IS an estimate for day 67 of d+sN-creatine still present from the first injection and 
is based on the measured dt-‘bN-creatmine atom To excess observed on day 63 (see Methods). 0 Corrected atom percent excess 
=atcam percent excess .minus residual atom percent excess, this number is the atom peroent excess due to the second mjectron. 

;a$;trma di-‘LN-creatrne retamed/atom percent excess of di-‘SN-creatme due to injectmn) X 1001 minus g dr-“N-creatine m- 
0 Three-day mean around day of isotope pool measurement (taken from ref. 10). 9 [(grams creatinme excreted/day) 

X l.l59/creatine pool size] X 100, a measure of the fractional rate of conversion of crestme to creatmine 10 lean *a~ of sub- 
JNti? 1 t0 4. ‘1 A correction factor was apphed to the day 67 resldusl atoms percent excess of SubJeet 3. See Results. 

value for the isotope concentration after 
the second injection was then divided into 
the amount of isotope retained to obtain 
the size of the creatine pool by isotope dilu- 
tion. In this case, retained creatine was 
estimated using the atom percent excess 
due to the second injection (calculated as 
above). 

After each administration of di-15N-Ia- 
beled creatine, the amount of retained 
isotopic creatine was subtracted from the 
calculated pool. 

RESULTS 

Creative pool size and cowersion to 
creatinine. Figure 1 (page 376) displays 
semi-log plots of urinary di-‘jN-creatinine 
concentrations over time following the two 
administrations of labeled creatine. Sub- 
jects 1 and 3 were fed creatine during MP 
2 (days 10 through 19) and the creatine 

precursor amino acids glycine and arginine 
during MP 4 (days 81 through 90). Sub- 
ject 5 received no creatine at any time and 
was given alanine during MP 4. From these 
data, tables 1 and 2 are derived. Differences 
between mean slopes of the lines were 
analyzed statistically for significance by 
the method of Crow et al. ( 18). 

Creatine pool size was calculated by 
isotope dilution on the third day after in- 
jection as discussed in Methods. These 
data are presented in table 1. For these 
calculations it was assumed that creatinine 
was the only product of body creatine, that 
the isotopic creatine mixed with and was 
metabolized in the same way as unlabeled 
creatine, and that no significant loss of 
body creatine occurred other than by uri- 
nary excretion of creatinine. [These asi 
sumptions are warranted by the work 
others ( 1, 3, 14-17)]. Thus, the concentra- 
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TABLE 2 
Effect of feedzng amino an’& on the rate of dzlution of ‘5iV-creatzne 

by newly synthesizecl creatine’ 
Y- 

Interval3 
Subject M.P.’ expt. days n4 Slope5 b’ 1.’ 

:. 3 67-79 67-79 

ii ; 67-79 67-79 

Mean slope 

Basic diet, no amino acid:, added 

: 
-0.0106f0.0016 
-0.0134&0.0016 

; 
-0.015810.0016 
-0.0143zk0.0006 

+0.633 

;i:::: 
-+0.665 

-0.92 
-0.96 
-0.98 
-0.99 

2 t 81-90 81-90 

: 4 4 81-90 81-90 

BaGc diet,, plus glycine and arginine 

i 
-0.0203f0.0020 
-0.0211~0.0018 

7 -0.0230*0.0020 
7 -0.0191*0.0016 

+I.446 
+1.042 

-0.97 
-0.96 
-0.98 
-0.96 

Mean slope -0.0209f0.0016~ 

Basic diet, no amino acids added 
4 i 67-79 i -0.0139f0.0017 +0.695 -0.96 
5 67-79 -0.0162zk0.0024 + 1.025 -0.94 

Mean slope -0.0151 

Basic diet, plus alanme 
4 81-90 -0.0116~0.0019 +0.476 -0.9j 
5 

:: 
81-90 t -0.0117f0.0029 -j-0.646 -0.87 

Mean slope -0.0116 

1 The rate of reduction in l&N concentration with time was calculated by plotting log atom percent excess 
“N in urinary creatmine against days following di-‘SK-creatine administration. The table shows the com- 
pcments of the regression equation: atom percent excess = slope X experimental days + b (intercept at 
time zero). 2 Metabolic period. 
table were derived. 

3 Inclusive interval of the experiment days from which the data m the 
4 Number of values (days) used t,o calculate the linear regression. 

calculated regression f the SE of the slope (16). 
5 Slope of the 

6 The y-intercept of the calculated regression. ’ co- 
eficien t of correlation for the lme. * MeanAsn. 
acids were added (P < 0.05). 

o Significantly different from the mean when no amino 

tion of the isotope in creatinine was as- 
sumed to reflect the isotope concentration 
in the body creatine pool. The body cre- 
tine pool is defined as the sum of creatine 
and creatine phosphate which are assumed 
to be in equilibrium. Thus, the fractional 
rate of conversion of creatine to creatinine 
is the weighted mean of the combined frac- 
tional conversion rates for creatine and 
creatine phosphate. Daily creatinine excre- 
tion, as a percentage of the creatine pool 
(mole/mole), was calculated as a measure 
of the fractional rate of creatine conversion 
to creatinine. For all of the above calcula- 
tions, it was not necessary to assume that 
the creatine pools were in a steady state, 

but rather only that no significant changes 
in the creatine pools or creatinine excre- 
tions of the subjects occurred during the 
one to two days around the day of pool 
determination (i.e., quasi-steady state). 

As shown in table 1, the creatine pools 
of subjects Sl, S2, S3 and S4 decreased 
from an average of 150.6 g early in MP 3 
(day 25) to 127.7 g late in MP 3 (day 67). 
(A correction factor was applied to the 
day 67 residual atom percent excess lziV of 
subject 3. The rationale for this adjustment 
is discussed below). These subjects were 
all fed creatine during MP 2 and the uri- 
nary creatinine excretions of all decreased 
during MP 3 when creatine was no longer 
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Fig. 1 Isotope concentration in creatinine isolated from the urines of three sllhjects at 
various times after dosing with di--N-creatine. Di-‘“N-creatine was administered intlavenou5ly 
on days 23 and 65 to subjects 1 and 3, and on days 38 and G5 to subject 5. Sublects 1 and 3 
were fed 0.23 g creatine/day on days 1 through 9 and 10 g creatine/day on days 10 through 
19. Subject 5 was not fed creatine. The values for the other subjects were similar. Di-‘?i- 
creatinine was analyzed by high resolution mass spectroscopy (13). 

fed. There was no significant change in 
the creatine pool size (127.9 g to 128.7 g) 
or urinary creatinine excretion of the con- 
trol subject, S5, who was not fed creatine. 
Nevertheless, the calculated fractional rate 
of conversion of creatine to creatinine was 
very similar for all subjects irrespective of 
the sizes of their creatine pools. The aver- 
age for all 13 determinations was 0.0169 
* 0.0006 (mean 5 SD). These results, 
which directly measure the proportion of 
the pool excreted as creatinine, were much 
less variable than any of the previously 
discussed literature values, which were 
largely based on the assumption that cre- 
atine synthesis and creatinine formation 
are in equilibrium. 

creatinine were similar for all subjects , 
(1.52 k 0.09, n = 13). However, the abso- 
kte values were quite different due to the 
consistent difference between the turn l7 .V ~. 

In order to confirm the analytical data 
on which these conclusions are based, a 
selection of samples of di-‘“K-creatinine 
isolated from 1S urines were analyzed by 
gas mass spectroscopy. The isotope concen- 
tration in these samples was 88.5 +- 4.8% 
of that estimated to be present using high 
resolution mass spectroscopy. From this 
series of samples, an independent though 
rough estimate of creatine pools and rate 
of conversion to creatinine was calculated. 
The data are qualitatively similar to those 
presented in table 1 in so far as subjects 
Sl through S4 showed a decline in esti- 
mated creatine pool size during MP 3 
(173.9 i- 19.2 g to 135.2 ‘- 13.2 g, n = 4), 
and the rates of conversion of creatine to 

methods for measuring 1;~ concentration 
in the isolated creatinine. Comparison of 
the isotope concentrations obtained by 
high resolution mass spectroscopy and by ‘., 
gas mass spectroscopy showed that the 
sample used to determine residual isotope 
concentration for subject 3 on day 63 was 
more divergent than the other samples 
analyzed by both methods. The gas mass 
spectroscopy value was only 73% of the 
high resolution value: more than three Stan-, 
dard deviations less than the mean. In 
addition, when the high resolution mass 
spectroscopy values were used to calculate 
the creatine pool size for subject 3 on day 
67, there was no change during MP 3 
(144.3 g creatine) despite a marked de- 
cline in creatinine output. It was concluded 
that the high resolution mass spectra- 
graphic value for this sample was in error 
and an estimate of the latter value was ob- 
tained by applying an average correction _. 
factor to the gas mass spectrometer value .: 
(based on observed differences in values Of 
the other samples by the two methods fol*-, 
lowing omission of this sample). 

Crentine synthes& rate. The metabolic 1; 
fate of the injected di-‘SN-creative was alSo %I 
used to compute apparent creatine sp 1 
thesis rates. This was not applied to the ‘2 

:;j 



first isot0pC injection, since the progressive 
de&e in creatinine excretion dr~ring this 
pc>riod 11 as incompatible with a steady 
state. If the creatinc pools arc in a stead) 
state or quasi-steady state (no significant 
c]lal~ges over the period of the measure- 
,nrllt) the rate of dilution would be equal 
to the average fractional rate of creatine 
synthesis over the measured interval. Based 
oll the constancy of creatinine excretion 
discussed earlier for the same subjects 
(lo), the subjects were close to a steady 
stilte with respect to their creatine pool at 
the time of the second isotope aclministra- 
tion, late in MP 3 (day 65). The introduc- 
tion of measurable amounts of isotopic 
creatine (0.5% of the pod) may have been 
sufficient to affect the steady state condi- 
tion, but this should have had a transient 
effect of only I or 2 days duration. 

The rate of change of isotope concentra- 
tion in creatinine with time was obtained 
by linear regression analysis of the change 
in the logarithm of isotope concentration 
from days 67-79 inclusive (table 2). The 
calculated slopes for this interval (frac- 
tional creatine synthesis rates) vary from 
0.011 to 0.016 day-l. This variation is sim- 
ilar to that reported by others (l-6) who 
equated this with creatinine formation as- 
suming a steady state. Comparison of these 
synthesis rates with the rates of creatinine 
formation (table 1) shows that only S3 and 
S5 were close to a steady-state; the others 
had decreasing pools due to reduced syn- 
thesis compared with rate of conversion of 
creatine to creatinine. This finding agrees 
with the observation that the creatinine 
excretion of S2 and S4 continued to decline 
he in hlP 3 at a slow rate ( 10). The rates 
of creatine synthesis of Sl and S6 seem to 
he low in spite of constant creatinine ex- 
cretion rates as shown previously (10). A 
declining pool size at the time of measure- 
ment of the synthesis rate would make the 
estimated rates of synthesis slightly high. 
Similarly: if th e creatine pool were increas- 
ing, the calculated rates of svnthesis would 
be slightly lower than the &tual rates of 
synthesis, depending on the rate of in- 
crease of the pool. 

E#ect of feecling precrrrsor amino acicZ.s. 
Feeding of glvcine and arginine resulted in 
a significant increase in the synthesis rate 
measured bv dilution of the isotopic cre- 

atinc of cnch srlbjctct comparccl to his o\\‘n 
rntc ilnmc&ately prior to the dicbt change. 
III contrast, the t\\,o sllbjects kc1 alanine 
li‘1c1 significantly dccreasccl rates of cre- 
atinc synthesis after amino acid aclministra- 
tion. The new rates probably were due 
largely to changes in the rate of creatine 
synthesis rather than to changes in creatine 
pool size. That is, if creatine synthesis 
were constant, changes in the order of 
30% to 50% in the creatine pools wo~~lcl 
be necessary to have produced these rate 
changes and the creatinine excretion rate 
would have to show proportional changes. 
However, a doubling of the creatine syn- 
thesis rate for 10 days would result in only 
a very small change in the creatine pool 
size, about 1 g/day, which would increase 
creatinine excretion by only lo-20 mg/ 
day. This is well within the analytical error 
of the creatinine method (-+5?, which is 
about 50-100 mg creatinine in a 24 hour 
urine), Similarly the decrease in rate of 
isotope dilution in the subjects fed alanine 
probably represents an inhibition of syn- 
thesis. A decrease in the urinary creatine 
excretions [reported previously ( 10 ) ] of 
these subjects coincides with the conclu- 
sion that creatine synthesis was inhibited. 

DISCUSSIOh’ 

Variations in creatine pool size. The con- 
stant rate of creatinine formation, as mea- 
sured in the present experiment, supports 
the concept that daily creatinine excretion 
is directly proportional to the size of the 
body creatine pool under our experimental 
conditions and thlls that the conversion of 
creatine to creatinine in the body is indeed 
non-enzymatic. Thus the size of the cre- 
atine pool was increased by feeding cre- 
atine and decreasecl by the removal of 
exogenous creatine, yet the proportion of 
pool excreted daily as creatinine remained 
unchanged. If the increases and subse- 
quent decreases in the creatine pools ob- 
served in our studies were distributed 
throughout the muscle mass of the sub- 
jects, a change in muscle creatine concen- 
tration of less than 0.1 g/100 g wet muscle 
occurred, which is within the reported 
range of human muscle creatine concentra- 
tion, 0.3Jj/, to 0.5% (19, 40). The decreases 
in the size of the creatine pools of the sub- 
jects fed creatine-free ,cliets in our experi- 



merits occurr~cl in spitcx of positive apparent 
nitrogen and potassiun~ lxtlances ( lo), ancl 
in the absence of any significant changes 
in body composition as measured by body 
density, body 4”K and total body water 
which will be reported later.g The data 
from this study indicate that the creatine 
synthesis rate and the size of the creatine 
pool in man can vary and in a manner in- 
dependent of lean body mass. Thus, the 
correlation of creatinine excretion with 
lean body mass appears to have little physi- 
ological validity and may simply reflect the 
similar dietary intake of creatine by the 
population, as has been suggested by 
Bleiler and Schedl (21). 

Other data regarding the constancy of 
the creatine pool are in conflict. Hoberman, 
Sims and Peters (1) calculated creatine 
pool size by two methods. In the first 
method, which assumed a steady state of 
creatine synthesis and creatinine output, 
the slope of the log-linear curve of the de- 
crease in isotope concentration with time 
was assumed to be equivalent to the frac- 
tion of the creatine pool which was syn- 
thesized and excreted per day. Daily cre- 
atinine excretion, expressed as creatine, 
divided by the slope gave the creatine pool 
size. In the second method, isotope con- 
centration at zero time was estimated by 
extrapolating back to zero time from the 
log linear curve. The creatine pool was 
then calculated by dividing isotope con- 
centration at zero time by the amount of 
isotope available for mixing with the body 
tissues and subtracting the grams creatine 
administered, and required no assumption 
of a steady state. Since both methods gave 
comparable results, Hoberman, Sims and 
Peters used the log-linear slope analysis 
method and applied it in their subsequent 
study (2). Bleiler and Schedl (21) chal- 
lenged the steady state assumption of 
Hoberman’s group on the basis that their 
own data showed a declining creatinine ex- 
cretion on a creatine-free diet. Internal 
evidence also suggests this in the Hober- 
man, Sims and Peters study (1)) in which 
the fraction of the creatine pool excreted 
as creatinine per day, calculated by the 
first method (slope), was 0.0164 day-l. 
However, division of the amount of cre- 
atine excreted as creatinine per day (1.89 
g) by the pool size calcilIated by the sec- 

and mcthocl ( 103 g) gives a 111fih(.r value 
0.01s Clilye’ ( 0111‘ calculations ). ‘r]lc differ! 
cnce bct\vern Lhcse rates suggc>sts Ihat the 
creatine pool was not in a steady state. 

Fitch and associates ( 3, 4) report ex- 
periments in which W-crcatine was in- 
jected into seven patients, five of whom 
had a muscular disease. In patients without 
SigllifiCalit CI’eatillWia, comparison of the 
curves generated by the decline in cre. 
atinine specific activity with time showed 
that a log-linear decrease occ\,rred, with 
slopes of 0.013-0.017 day-l, whereas in 
patients with significant amounts of cre- 
atine in their urine, the curves were bi- 
phasic. Fitch and his associates assumed 
that the creatine pools of their subjects 
without creatinuria were all in a steady- 
state and thus that the rate of decline of 
the log of the isotopic creatinine concen- 

tration was equal to the fractional turnover 
rate of creatine to creatinine. This assump- 
tion seems unlikely since there was, in 
fact, considerable variation in their data. 
Fitch and associates also assumed that con- 
trol of dietary creatine intake was unneces- 
sary; that the total amounts of nonradio- 
active creatine in the various body com- 
partments remained constant for the pe- 
riod of observation, 50-60 days; and that 
creatine synthesis was identical for all 
cases. The validity of these assumptions is 
questionable in light of the results reported 
in the present paper. 

Kreisberg, Bowdoin and Meador (6) re- 
ported the creatine fractional turnover rates 
of 4 subjects as “determined from the time 
curve of the radioactivity remaining in the 
body plotted at daily intervals.” If there 
were no significant creatinuria, this rate of 
loss of creatine from the bode should be a 
valid measure of the rate of .conversion of 
the body creatine to urinary creatinine. 
However, the range of reported rates, 
0.0138 to 0.0188 day-‘, are in contrast to 
the constant rates found in the preseft 
study and may represent errors inherent In 
the estimates. The isotope curvrs were not 
presented and creatine excretion \yas not 
measured. Comparison of their data with 
ours or that of other authors is thus diffi- 
cult. 

Bleiler and Schedl (21) felt that, in the 
presence of a declining creatillr, pool, the 

54 T:ll~llllllihll,~~l rr..lllts. 
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body j~oulcl selectively preserve its supplp 
of creatine phosphate which is converted 
more rapidly to creatinine (7). A compari- 
son of the creatine pool excreted as cre- 
atininc on day 25 with that on clay 67 
shows no marked increase in the rate as 
woL]l~l have had to occur if there had been 
an increase in the proportion of creatine 
pllosphate in the pool ( 7). Thus, the de- 
creases m creatine pools measured in the 
present experiment do not appear to be the 
result of marked selective loss of either 
creatine or creatine phosphate. 

Assuming that creatinine excretion re- 
flects total creatine pool size (as our data 
indicate), then from creatinine excretion 
data it can be said that significant in- 
creases in the creatine pool can result from 
feeding less than a gram of creatine per day 
for many weeks ( 22, 23), or lo-20 grams 
per day for 10 days (24). Similarly, cre- 
atine pools can decrease when exogenous 
creatine is removed from the diet (21, 22- 
25). No decline in creatinine excretion oc- 
curred in our two subjects not fed creatine 
throughout the experiment. These subjects 
exercised more vigorously than the subjects 
in the previous experiment where creatinine 
excretion fell (25) and more than those in 
Bleiler and Schedl’s report (21). Control 
of creatine pool size may be subject to vari- 
ations in physical fitness, amino acid re- 
quirements, the exogenous creatine intake 
prior to the experiment, 
nized factors. 

or other unrecog- 

Corztrol of crecltine synthesis. The evi- 
dence from our studies indicates clearly 
that conversion of creatine to creatinine 
occurred at a constant fractional rate 
(table 1). In the absence of exogenous 
creatine, or significant creatinuria, regu- 
lation of the creatine pool must thus 
be controlled by creatine synthesis. The 
large range of apparent creatine svnthesis 
rates, as estimated by the slope of ;sotopic 
dilution in the present study and as re- 
ported by others ( l-6)) is evidence that 
creatine synthesis is sufficiently variable 
to be hypothesized as the factor controlling 
creatine pool size. Changes in the creatine 
Pool occur gradually, due to the slow 
rate of conversion of creatine to creatinine. 
Thus, short-term evaluation of urinary cre- 
atinine excretion is an insensitive means 
of determining whether the creatine pooI 

is in a steady state. As control of creatine 
pool size does not appear to be closely 
regulated in humans, the slow rate of con- 
version of creatine to creatinine may he a 
particularly important factor in maintain- 
ing creatine pool size, 

Although body creatinc was assumed to 
be one pool for the purpose of isotope anal- 
ysis, in fact body creatine is distinctly com- 
partmentalized ( 3, 4). This complicates 
any attempts to determine the factors con- 
trolling creatine pool size. However, it 
may be noted that the urinary excretion of 
di-ljr\‘-creatine injected into the subjects 
fed creatine (Sl, S2, S3, S4; MP 2) was 
significantly higher on the day of the initial 
injection, (4.67 * 0.38% of the dose, n = 
3), than on the day of the second injection, 
(1.92 * 0.06% of the dose, n = 4). The 
excretions were, however, similar on the 
second day after each injection (1.80 -C 
O.OlR, n = 3 and 1.71 * 0.07%, n = 4 on 
days 26 and 66 respectively). The propor- 
tionately greater loss of the injected cre- 
atine after the first injection indicates that 
there may be a greater resistance to 
exogenous creatine uptake when the cre- 
atine pool has been increased by creatine 
feeding. Thus some control of creatine 
pool size may be exerted by the excretion 
of excess in the urine. Our isolation method 
does not allow us to determine whether 
the excreted form was creatine or cre- 
atinine. 

Creatine synthesis appears to be con- 
trolled by feedback inhibition of the trans- 
amidinase enzyme by creatine ( 26-28 ). 
As transamidination is extramuscular ( 29 ), 
and the bulk of the creatine pool is located 
in skeletal muscle, then control of syn- 
thesis must depend on changes in the con- 
centration of the relatively small amounts 
of circulating creatine and its precursors. 
Thus, factors affecting creatine entry and 
retention in muscle must be important sec- 
ondary regulators of creatine synthesis, and 
the steady state size of the creatine pool. 

Fitch et al. (30) reported in vivo and 
in vitro studies which indicate that creatine 
enters rat skeletal muscle by a transport site 
specifically adapted to interact with an 
amidine group. I--arginine, glycine, cre- 
atinine, p-alanine and glucose were among 
a group of compounds reported as having 
no effect on creatine transport into skeletal 
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muscle in vitro. An earlier study by Fitch 
and Shields (31) showed that creatine 
enters rat skeletal muscle by an energy- 
dependent saturable process at a sufficient 
rate to replace about 4% of the total 
amount of creatine in muscle each day. The 
data of Koszalka ancl Andrew (32) impli- 
cate insulin in mediation of creatine uptake 
in vivo by the skeletal muscle in the normal 
and X-irradiated rat. It has been hypoth- 
esized that defects in creatine transport 
and creatine trapping are the primary 
causes of reduced muscular creatine in 
humans (4). 

The addition of glycine and arginine to 
the diet stimulated creatine synthesis in 
excess of that required to maintain a 
steady-state. This indicates that intake of 
methyl donor compounds was not a factor 
limiting creatine synthesis, and that an in- 
crease in the other precursor amino acids 
will stimulate creatine synthesis. This may 
indicate that ( a) substrate limitation was 
controlling creatine synthesis or (b) trans- 
amidinase enzyme inhibition by creatine 
was reversed by increased precursor con- 
centrations, or (c) synthesis of the trans- 
amidinase enzyme was increased by in- 
creased precursor concentrations (26-28, 
33) or (d) that insulin concentrations in 
the plasma were changed by the arginine 
and alanine resulting in changes in the 
extracellular creatine pool due to the facili- 
tation of creatine transport by insulin (32). 
Clearly, a complex variety of factors may 
be postulated as having effects on the con- 
trol of crentine synthesis and its deposition 
in the muscle tissue. 

The metabolic value of an increased cre- 
atine pool was not thoroughly investigated 
in the present experiment. Further con- 
trollecl testing is necessarv to determine 
whether or not accmmuIa~ion of creatine 
is a significant factor in muscle metabolism. 

ACK;NOWLEDGhlENTS 

Tf’e acknowledge with thanks the expert 
assistance of chief nurse, Doris Armstrong; 
chief technician. Fran Costa; research 
dietitian, Sally Cohenour; and the other 
staff of the mrtabolic unit and laboratory 
during this study. 1\‘e are particularly 
grateful to the 8 men who served as the 
subjects for this study. 

1 

2. 

3. 

4. 

5. 

6. 

7. 

8 

9 

10. 

11. 

12. 

13 

14. 

15. 

16 

LITERATURE CITED 

I~obernun, H. D., Sims, E  A  IT &  Peters J 
H ( 1948) Crentine and creatlnine ,,,et& 
ol~srn in the norm‘11 nule acllllt Stucliecl with 
the aid of mtopic nitrogen. J. Blol. Chem. 
172, 45-58. 
Hoberman, H. D., Smls, E. A. H. h- Engstrom 
W. W. (1948) The effect of methyltes& 
terone on the rate of synthesis uf creatine, J. 
Biol. Chem. 17’3. ill-116. 
Fitch, C. D. &‘Smton, D. 11’. (1964) * 
study of creatine metabolism in cll\edses ca,,s. 
ing muscle wasting. J. Clin. Inxest 43, 444- _ 
452. 
Fitch, C D., Lucy, D. D., Bolnllofen, J. H, c 

Dalrymple, C. V. ( 1988 ) Creating metal,. 
ol ism in skeletal muscle. II. Creatlne kinetics 
in man. Neurology 18, 32-40. 
BenedIct, J. D.. Kalmsky, H. J., Scarr~r,~, L, 
.4., Wertheim, A. R &  Stetten, D., Jr. (1955)’ 
The origin of luinary crentine in plogressive 
muscular dystrophy. J. Clm. Inve\t. 34, 141~ 
145. 
Leaberg, R. A., Bow&in, B. E; \feador, c. 
E. (1970) \I (, i easurement of mrlscle mass in 
hLm~anS by iSOtOpic dilution of cre,ltine-“-C. J. 

A4ppl. Physiol 28, 263-267. 
Borsook, H. &  Dubnoff, J. M ’. (1947) The 
hydrolysis of phosphocreatine and the origin 
of urinnly creatlnine. J. Biol. Chrn~. 168, 493- 

510. 
Cdputto, R. ( 195-I) On the biological trans- 
formation: creatine * cleatinine. Arch. Blo- 
&em. Blophys. 52, 280-281. 
Van Pilsum, J. F. &  Hiller B. ( 1959) On 
the proposed origin of creatjnine fl-om creatine 
phosphate. Arch. Biochem. Bloph>.h. 85, 483- 
486. 
Grim, r\I C., Calluway, D. I-1. 6; Sfargen, S. 
( 1975) Cre‘ltine metabolism in n~en: urinary 
creatine and cre,ltinine excretion with creatine 
feeding. J. Nutr 10.5, 428-438. 
Benedict, S. R. (1914) Studies in creatine 
and creatinine metabolism I. The preparation 
of creatine and creatinine from urme. J. Biol. 
Chem. 18 183-194. 
Edgar, G.’ ( 1923) Prepar‘xtion ant{ compari- 
son of stanclorcls for the estmxaixm of creatme 
and creatmine. J. Biol. Chem. 56. 1-G. 
Haddon, W. F., Lukens, H. C. &  El&en, R. H. 
( 1953) A  slgn#ll averagmg meth~~cl for hi& 
resolution mass spectral nleasmenrrnt of N’“. 
Anal. Chem. 45, 0’82-688. 
Bloch, K,, Schoenheimer, R. EC Rlttenlxrg, D. 
( 1941 ) Rate of formation and thxappear~lnce 
of bodv cre,ltmc: in normd annll~tl~ J. Biol. 
Clwm i38, 15s 1GG. 
Bloch, K. &  Schoenheimer, R. ( l!J 3J ) Stdies 
m  protein met~~l:~olism ?<I. The nlrtabollc re- 
Iatlon of creatmt: rind cleatmmr \t~&xl with 
isotopic nitrogen. J, B~ol. Chem. 131 111-119. 
Cohn, &I., ~m~~uontls, s., ~hancllt~r J. p. & 
tlu \‘lgnearld, V. (194~) The c,!icct of th”f 
tllet,u.y level ok nxthmmne on tlte rdte O 
t13nslnrtliyl,~t~ol~ rvactmns in \ I\ 0 J, Biol. 
Chll. Z6-7, x3-‘351. 



CHEATINE POOL SIZE AND TURKOVER xi1 

17. 

18. 

19. 

20. 

21. 

hlackenzie, C. C. & clu Vigneaud, V. (1950) 
Biochemical stabihty of the methyl group of 
creatine and creatinine. J. Biol. Chem. 185, 
185-189. 
Crow, E. L., Davis, F. A. & Masfield, hi. W, 
( 1960) Statistics Manual, Dover Publ., Inc., 
fdew York, ch. 6. 
Baldwin, D., Robinson, P. K., Zierler, K. L. 
& Lilienthal, J. L., Jr. (1952) Interrelations 
of magnesium, potassinm, phosphorus, and 
creatine in skeletal muscle of man. J. Clin. 
Invest. 31, 850-858. 
Vignos, P. J., Jr. & Warner, J. L. (1963) 
Clycogen, creatine, and high energy phosphate 
in human muscle disease. J. Lab. Clin. Med. 
62, 579-590. 
Bleiler, R. E. & Schedl, H. P. (1962) Cre- 
atinine excretion: Variability and relationships 
to diet and bocly size. J. Lab. Clin. Med. 59, 
945-955. 

22. 

23. 

Rose, W. C., Ellis, R. H. & Helming, 0. C. 
(1928) The transformation of creatme into 
creatinine by the male and female organism. 
1. Brol. Chem. 77, 171-184. 
&mutin, A. (1926) The fate of creatine 
when administered to man. J. Biol. Chem 67, 
2931. 

24 Hyde, E. (1942) Creatine feeding and 
credtine-creatinine excretion in males and 
females of different age groups. J. Biol. Chem. 
143, 301-310. 

25. Galloway, D. H. & Margen, S. (1971) Vari- 
ation m enclogenous nitrogen excretion and 
dietary nitrogen utilization as determinants of 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

human protein requirement. J. Nutr. 101, 20% 
216. 
Walker, J. B. ( 1973 ) Metabolic control of 
creatine brosynthesrs. II. Restoratron of 
transamidinase activity following creatme re- 
pression. J. Biol. Chem. 236, 493-498. 
Van Pilsum, J, F. ( 1971) Evidence for a 
dual role of creatine in the regulation of kid- 
ney transamidinase activities in the rat. J. 
Nutr. 101, 1085-1091. 
Ramirez, O., Calva, E. Bi Trejo, A. (1970) 
Cr-eatine regulation in the embryo and grow- 
ing chick. Biochem. J. I1 9, 757-763. 
Sandberg, A. A., Hecht, H. H. & Tyler, F. H. 
(1953) Studies in disorders of muscle. X. 
The site of creatine synthesis in the human. 
h~etabolism 2, 22-29. 
Fitch, C. D., Shields, R. P., Payne, W. F. & 
Dacus, J. M. (1.9e8) Creatine metabolism 
in skeletal muscle. III. Specificity of the 
creatme entry process. J. Biol. Chem. 243, 
2024-2027. 
Fitch, C. D. & Shields, R. P. (1966) Cre- 
atine metabolism in skeletal muscle. I. Creatine 
movement across muscle membranes. J. Biol. 
Chem. 241, 3611-3614. 
Koszalka, T. R. & Andrew, C. L. (1972) 
Effect of insulin on the uptake of creatme- 
l-“C by skeletal muscle and X-irradiated rats. 
Proc. Sot. Exp. Biol. Med. 139, 1265-1271. 
Van Pilsum, J. F. & Canfield, T. M. (1962) 
Transamiclinase activitres, in vitro, of kidneys 
from rats fed diets suoplemented w&h nitro- 
gen-containing compou&. J. Biol. Chem. 237, 
2574-2577. 


